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Abstract 
 
The purpose of this project was to map and understand the chemistry behind Reactive Oxygen 
Species and some of the mechanism that produce and prevents reactive oxygen species, to study the 
problem about how the mitochondria respiratory pathway is affected by oxidative stress in plant cells. 
Articles have reviewed that the most affected pathway is without doubt the Krebs cycle we have found 
indications of at least five proteins affected by reactive oxygen species. Furthermore it is found that the 
production of pyruvate, needed to start the Krebs cycle, is affected in several ways. It is also found that 
other proteins such as molecular chaperones and proteins involved with the antioxidant system have been 
affected. 
It is found that the area of ROS in plant mitochondria is a new field of research and therefore 
limited. Because of this there has only been made a few experiments and conclusions.  
While working with this project more questions have arised than questions answered. We hope 
that the future will bring more knowledge about ROS production and proteins in the mitochondria, and 
thereby making the knowledge more complete and hopefully even more useful to scientist and students all 
over the world. 
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1. Introduction 
 
Oxygen is necessary for almost all life, however O2 can also cause problems, reactive active 
species (ROS) can be formed and this can affect or damage biomolecules. 
ROS is formed in almost every living organism, if the amount of ROS reaches higher 
concentrations than the organism can deal with, ROS will be referred to as oxidative stress. 
   
The focus in this report will be the work with the following problem: 
  
“How are mitochondrial pathways affected by oxidative stress in the plant cell?” 
 
We have chosen to work with plants because we find that the field of ROS in higher plants is a 
field that is challenging and new.  
Because this field is new, this field is of course filled with questions and therefore not yet fully 
understood compared to the knowledge about how ROS affects mammals. 
Why do we find that ROS in plant mitochondria is interesting?  
As you can see in the following quotation the research in plant mitochondria is a new field of 
understanding how ROS damage and affects biomolecules. 
 
“Research on plant oxidative stress to date has been centred on investigation of sensitive reactions 
in chloroplast and antioxidant systems present in organelle, while our understanding of the impact of 
oxidative stress on plant mitochondrial functions is limited” [18]. 
 
Why don’t we just continue the research in chloroplast?  
Because there are a variety of other characteristics of mitochondria favouring their major role in 
ROS formation in the cell: [21] 
 
• Mitochondria are present in all tissues. 
• Their high packing density in cells. 
• Mitochondria consume more than 90% of total cellular oxygen. 
• The permanent redox-cycling of one-electron carriers in the respiratory pathway. 
 
Mitochondria play a central role in energy and carbon metabolism of eukaryotic cells being the 
site of both the Krebs cycle and oxidative phosphorylation pathway [29]. 
 
This report is meant as an introduction to a series of experiments we wish to carry out in our next 
semester where we wish to investigate which proteins in the respiratory pathway is affected by ROS. 
In this semester we want to map and understand the chemistry behind ROS and some of the 
mechanism that produce and prevents ROS. To obtain this knowledge, we will briefly present these 
mechanisms.  
Furthermore a description of the affected pathways will be worked thought to obtain knowledge of 
the importance of the damage to proteins. We find it important to know what kind of process the different 
protein is a part of. When understanding the basis theory behind the biochemistry of the plant cell, it is 
easier to understand what kind of damage ROS does to the plant. 
During our work with the field of ROS we have again and again encountered the phrases that, this 
field is not yet understood this remains to be researched etc.  
Some of the resent results have even revealed that there is a great deal left to understand about the 
mitochondria itself.  
We find that many questions have already been asked and the answers to these questions will 
hopefully soon be answered. By making this project and following our newly achieved knowledge about 
how and which pathways ROS affects, we feel that we have the best possibilities to obtain results in the 
experiments that will be carried out in our next semester.  
And we are confident that our contribution to the field of ROS will be of use to us in the future 
and maybe we can find the answer to some of the many questions that are yet unanswered.  
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2. The plant produces oxygen as a byproduct 
 
In this chapter we will describe how the plants absorb light and produce energy and sugar. This is 
important to understand because without the ability to convert light into sugar and energy, the plant would 
not be able to maintain its biological functions.  
 
The plants use the sun energy to convert carbon dioxide and water into more complex molecules 
which are used by plants and mammals as energy sources and molecular building blocks. 
In addition to the conversion of carbon dioxide and water the plants produce oxygen, one of the 
most important molecules to humans and all aerobic life. Not all oxygen is produced by plants, some 
bacteria end algae can also produce oxygen by photosynthesis, but plants account for the main part of 
oxygen produced on the Earth. [8. p. 126] 
 
2.1. The light reactions absorbs light 
 
The pigment that makes leaves green is known as chlorophyll. Leaves absorb light in the violet, 
red and blue region; thereby appearing green because it reflects light in the green region of the spectrum.  
The electrons released in photosynthesis is transferred to a neighboring molecule (an electron 
acceptor) that is part of the electron transport chain (see chapter 3.2.3).The energy can also be converted to 
heat or to some combination of heat and light of longer wavelength a phenomenon known as fluorescence. 
It is also possible that the energy can be transferred from the excited chlorophyll to a neighboring 
chlorophyll molecule, returning the first excited chlorophyll to its ground state. This process is known as 
resonance energy transfer [8. p. 132] 
 
The photosynthesis reactions consist of two different kinds of photosynthesis systems, known as 
the light reaction and the Calvin cycle. (See figure 2.1.1.) The two photosynthetic reactions take place in 
the chloroplast. 
 
 
Figure 2.1.1 an overview of photosynthesis [1. p. 180]. 
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The overall photosynthetic reaction (I+II) is: 
 
2612622 666 OOHCenergylightOHCO +→++  
 
 
The first series of photosynthetic reactions, is the light reaction where solar energy and water is 
used to produce ATP and NADPH (and oxygen as a byproduct), which functions as chemical energy and 
reducing power in the Calvin cycle [1. p. 180].  
The light reactions are not relevant in this project and therefore will not be described further.  
 
2.2. The Calvin cycle produce simple sugars 
 
The second series of photosynthetic reactions is where the Calvin cycle uses ATP and NADPH 
generated by the light reactions to fix and reduce carbon and to synthesize simple sugars used in the first 
step in the respiration pathway (read more in chapter 3.2). In plants, the reduction of carbon occurs in the 
stroma1 of chloroplast by means of a series of reactions called the Calvin Cycle. 
 
The Calvin cycle occurs in three steps. In the first step carbon dioxide enters the cycle and is 
enzymatically changed to ribulose 1,5-bisphosfate (RuBP). The resulting 6-carbon compound is hydrolyzed 
to generate two molecules of 3-phosphoglycerate (3-phosphoglyceric acid PGA) (figure 2.2.1).  Each PGA 
molecule contains 3 carbon atoms. Hence the Calvin cycle is also known as the C3 pathway. [8. p. 140] 
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Figure 2.2.1 the first step of the Calvin cycle [8. p. 140]. 
                                                 
1 Stroma is the colorless material found in the chloroplast, enclosed by the inner membrane and in which 
the grana (in chloroplast, groups of stacked disc-shaped structures”thylakoids”) are found, this is where 
carbon dioxide fixation takes place during photosynthesis [5]. 
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In the second step of the cycle, 3-phosphoglycerate is reduced to glyceraldehyde 3-phosphate (3-
phosphoglyceraldehyde PGAL), (figure 2.2.2).  
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Figure 2.2.2 the second step of the Calvin cycle [8. p. 140]. 
 
In the third step of the cycle, five of the six molecules of glyceraldehyde 3-phosphate are used to 
regenerate three molecules of ribulose 1,5-bisphosphate (the starting material). 
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The overall reaction for the Calvin cycle is: 
 
OHNADPPADPphosphatehydeGlyceraldeHNADPHATPCO i 22 368936693 ++++−→+++ ++
 
A summary of the Calvin cycle is shown on figure 2.2.3. 
 
 
Figure 2.2.3 the Calvin cycle [8. p. 141]. 
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3. Physiology and metabolic pathways of plant 
mitochondria 
 
In this chapter we will describe the physiology and biochemical pathway of plant mitochondria. It 
is important to understand the function of plants, before you can encounter the specific proteins in 
metabolic pathways. 
 
A typical plant cell has two types of energy-producing organelles: the mitochondrion and the 
chloroplast. Both are separated from the cytosol by a double membrane, (see Figure 3.1).  
 
 
Figure 3.1 the right side of the figure shows an electron micrograph of a cell from the leaf of a maize 
plant, and the left side shows a schematic drawing [8. p. 45]. 
 
Both mitochondria and chloroplasts contain their own DNA and they contain the components 
necessary for the synthesis of some of their own proteins2. Both plastids3 (from chloroplast) and 
mitochondria divide by fission.4 [9. p. 15] 
Most of the proteins encoded by the mitochondrial genome are some kind of prokaryotic-type, 
ribosomal proteins and components of the electron transfer system. The vast majority of mitochondrial 
proteins (including Krebs cycle enzymes), are encoded by nuclear genes and are imported from the cytosol. 
[9. p. 17] 
 The mitochondrial DNA is in the form of circular chromosomes, similar to those of 
bacteria and very different from the linear chromosomes in the nucleus. These circular DNA are localized 
in specific regions of the mitochondria matrix. The DNA replication in mitochondria is independent of the 
DNA replication in the nucleus. [9. p. 17] 
 
                                                 
2 Ribosomes, tranfer RNAs and other components [9. p. 15]. 
3 Cellular organelle containing pigment. [5] 
4 Asexual reproduction where a single cell or organelle divides into two or more genetically identical parts. 
[10] 
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3.1. Mitochondria are the centre of respiration 
  
Most plant cells contain hundreds or thousand of mitochondria. The number of mitochondria per 
cell is related to the cell’s requirement for energy in the form of ATP; the more energy needed the more 
mitochondria present [8. p. 52].  
Mitochondria are in constant motion, moving from one part of the cell to another. Mitochondria 
tend to be where energy is needed. [7] 
 
Mitochondria can vary in shape, but they are bound by two membranes like plastids. The outer 
membrane is smooth while the inner membrane is highly convoluted (see figure 3.1.1). The folding of the 
inner membrane is called cristae and the compartment enclosed by the inner membrane (the mitochondrial 
matrix), contains the enzymes of the pathway of intermediary metabolism called the Krebs cycle (chapter 
3.2.2). [9. p. 14] 
In contrast to the outer membrane and all other membranes in the cell, the inner membrane 
consists of almost 70% protein and contains some phospholipids that are unique to the organelle. The 
proteins in and on the inner membrane have special enzymatic and transport capacities. [9. p. 14] 
 
 
Figure 3.1.1 A. shows a schematic drawing of mitochondria.  B. shows an electron micrograph of 
mitochondria from a leaf cell. [9. p. 15] 
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 3.2 Respiration has three stages 
 
In aerobic organisms, glucose and other sugars, fatty acids, and most amino acids are ultimately 
oxidized to CO2 and H2O by the respiratory pathway, only the 2 final stages occurs in the mitochondria. 
 
Respiration involves three related stages: glycolysis, the Krebs cycle and the electron transport 
chain (as shown on figure 3.2.1).  
In glycolysis, the six carbon glucose molecules are broken down to a pair of three carbon 
molecules of pyruvate. In the Krebs cycle, the pyruvate molecules are further broken down to carbon 
dioxide, and the resulting electrons are passed on to the electron transport chain. In oxidative 
phosphorylation, the energy that is released as electrons is used to form ATP from ADP and phosphate.  [8. 
p. 109] 
 
 
Figure 3.2.1 an overview of the respiratory pathway (note that oxidative phosphorylation is ETC and 
ATP synthesis) [8. p. 110].  
 
The net reaction of the respiratory pathway is: 
 
{ EnergyOHCOOOHC
Water
Dioxide
CarbonOxygeneClu
++→+ 32132143421 222
cos
6126 666  
 
3.2.1 Glycolysis produces pyruvate 
 
Glycolysis takes place in the cytosol. Cells without mitochondria rely on glycolysis for most of 
their ATP synthesis, as do anaerobic cells when there is a lack oxygen. [10] 
The glycolytic pathway has 10 steps (as shown on figure 3.2.1.1); the complete pathway of 
glycolysis begins with one molecule of glucose. Energy enters the pathway at step 1 and 3 by the transfer 
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of a phosphate group from an ATP molecule, one at each step, to the sugar molecule. The six carbon 
molecule splits at step 4, and after step 5 the pathway yields energy. At step 6, two molecules of NAD+ are 
reduced to two molecules of NADH, thereby storing some of the energy from the oxidation of 
glyceraldehyde 3-phosphate as high energy electrons of the reduced coenzyme. At steps 7 and 10 two 
molecules of ADP take energy from the system, forming additional phosphoanhydride bonds. Two 
molecules of ATP are formed per molecule of glyceraldehyde 3-phosphate, or four molecules of ATP per 
molecule of glucose. Two of the four ATP are replacement of the two ATP used in step 1 and 3. The net 
ATP yield is only two molecules of ATP per molecule of glucose. [8. p. 113] 
 
 
Figure 3.2.1.1 a summary of glycolysis [8. p. 113] 
 
 
 
 
 
 
 14
 3.2.2 The Krebs cycle’s eight steps 
 
The Krebs cycle is also known as Citrate acid cycle and tricarboxyl acid cycle (TCA).   
Pyruvate passes from the cytosol, where it is produced by glycolysis, to the matrix of the 
mitochondria, crossing the outer and inner membranes in the process.  
Pyruvate is not used directly in the Krebs cycle. Within the mitochondria, pyruvate is both 
oxidized and decarboxylated, that is, electrons are removed and CO2 is split out of the molecule, and one 
molecule of NADH is formed from NAD+ for each pyruvate molecule. [8. p. 114]  
 
Each acetyl group is temporarily attached to coenzyme A (CoA). The combination of the acetyl 
group and CoA, known as acetyl-CoA, enters the Krebs cycle. [8. p. 114} 
 
The first reaction of the Krebs cycle is the condensation of acetyl-CoA with oxaloacetate to form 
citrate, catalyzed by citrate synthase (figure 3.2.2.1). [6. p. 573] 
CH3
O
S CoA
Acetyl-CoA
+
O
O
O
-
O
-
O
Oxaloacetate
Citrate synthase
H2O CoA-SH
O
O
-
O
O
-
O
-
O
OH
Citrate  
Figure 3.2.2.1 the first step in the Krebs cycle.  
 
The second step of the Krebs cycle is the formation of isocitrate via cis-aconitate. The enzyme 
aconitase catalyses the reversible transformation of citrate to isocitrate through the intermediary formation 
of the tricarboxylic acid cis-aconitate. Aconitase can promote the reversible addition of H2O to the double 
bond of enzyme-bound cis-aconitate in two different ways, one leading to citrate and the other to isocitrate 
(figure 3.2.2.2). [6. p. 574] 
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Figure 3.2.2.2 the second step in the Krebs cycle. 
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 The third step of the Krebs cycle is oxidation of isocitrate to α-ketoglutarate and CO2. Isocitrate 
dehydrogenase catalyzes oxidative decarboxylation of isocitrate to for α-ketoglutarate (figure 3.2.2.3).  [6. 
p. 574] 
O
O
-
O
O
-
OH
O
O
-
Isocitrate
NAD(P)
+
NAD(P)H+H+
Isocitrate dehydrogenase
O
O
O
-
O
O
-
-ketoglutarateα  
Figure 3.2.2.3 the third step in the Krebs cycle. 
 
The fourth step of the Krebs cycle is the oxidation of α-ketoglutarate to succinyl-CoA and CO2 by 
the action of the α-ketoglutarate dehydrogenase complex (figure 3.2.2.4). [6. p. 575] 
 
O
O
O
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-ketoglutarate
-ketoglutarate
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O S
CoA
O O
-
Succinyl-CoA
NADHNAD
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CoA-SH
α 
alpha
 
Figure 3.2.2.4 the firth step in the Krebs cycle. 
 
The fifth step of the Krebs cycle is the conversion of succinyl-CoA to succinate by the action of 
the enzyme succinyl-CoA synthetase (figure 3.2.2.5). [6. p. 575] 
O S
CoA
O O
-
Succinyl-CoA
GDP+ Pi GTP CoA-SH
Succinyl-COA synthetase
O O
-
OO
-
Succinate
 
Figure 3.2.2.5 the fifth step of the Krebs cycle. 
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The sixth step of the Krebs cycle is the oxidation of succinate to fumarate by the flavoprotein 
succinate dehydrogenase (figure 3.2.2.6). [6. p. 578] 
O O
-
OO
-
Succinate
FAD FADH2
Succinate dehydrogenase
O O
-
OO
-
Fumarate  
Figure 3.2.2.6 the sixth step of the Krebs cycle. 
 
The seventh step of the cycle is the hydration of fumarate to L-malate catalyzed by fumarase 
(figure 3.2.2.7). [6. p. 578] 
O O
-
OO
-
Fumarate
Fumarase
H2O
OH
O
O
-
O
O
-
L-Malate  
Figure 3.2.2.7 the seventh step of the Krebs cycle. 
 
The eighth and final Krebs step of the cycle is oxidation of malate to oxaloacetate by l-malate 
dehydrogenase (figure 3.2.2.8). [6. p. 579] 
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Figure 3.2.2.8 the final step of the Krebs cycle. 
 
A special feature of the Krebs cycle, only found in plants, is the significant activity of NAD+ malic 
enzyme, this enzyme has been found in the matrix of plant mitochondria. This enzyme catalyzes the 
oxidative decarboxylation of malate [9. p. 235]: 
 
Malate + NAD+ → pyruvate + CO2 + NADH 
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 The presence of NAD+ malic enzyme enables plant mitochondria to run alternative pathways for 
the metabolism of phosphoenylpyruvate derived from glycolysis. Malate can be synthesized from 
phosphoenolpyruvate in the cytosol by the enzymes phosphoenolpyruvate carboxylase and malate 
dehydrogenase. Malate is then transported into the mitochondrial matrix, where NAD+ malic enzyme can 
oxidize it to pyruvate. [9. p. 235] 
A summary of the Krebs cycle is shown on the figure below (figure 3.2.2.9). 
 
 
Figure 3.2.2.9 Krebs cycle [8.  p. 115] 
 
The glucose molecule is now completely oxidized. Some of its energy has been used to produce 
ATP from ADP and Pi in substrate-level phosphorylation, both in the glycolysis and in the Krebs cycle. 
Most of the energy, however, still remains in the electrons removed from the carbon atoms as they were 
oxidized. These electrons were passed to electron carriers NAD+ and FAD and are still at a high energy 
level in the NADH and FADH2. [8. p. 116] 
 
  
 18
3.2.3 Electron transfer chain  
 
In the next stage of respiration, these high energy electrons, produced in the Krebs cycle, in 
NADH and FADH2 are passed step-by-step to the low level of oxygen. This stepwise passage is made 
possible by the electron transfer chain, a series of electron carriers, which holds the electrons at a slightly 
lower energy level. Each carrier is capable of accepting or donating one or two electrons. Each component 
of the chain can accept electrons from the preceding carrier and transfer them to the following carrier in a 
specific sequence. With one exception, all of these carriers are embedded in the inner mitochondrial 
membrane. [8. p. 116] 
The electron carrier of the electron transport chain of the mitochondria belong to a class of 
electron carriers known as cytochromes, protein molecules with an iron-containing porphyrin ring, or heme 
group attached. 
In addition to NAD and flavoproteins5, other types of electron carrying molecules work in the 
respiratory pathway: quinine molecules and different types of iron or sulfur-containing proteins. In 
mitochondria the quinine molecule is the hydrophobic ubiquinone6  (also called coenzyme Q or just Q ) [6. 
p. 662] Ubiquinone is the most abundant molecule of the electron transfer chain. Unlike cytochromes and 
iron-sulfur proteins, a quinine molecule can accept or donate either one or two electrons. [8. p. 118] 
The electron carriers of the respiratory pathway are organized into membrane surrounded 
molecular complexes that can be physically separated. Gentle treatment of the inner mitochondrial 
membrane with compounds that disperse lipids allows the resolution of four electron carrier complexes (I, 
II, III,IV) each capable of catalyzing electron transfer through a part of the chain. 
Complexes I and II catalyze electron transfer to ubiquinone from two different electron donors: 
NADH from complex I and succinate from complex II. Complex III carries electrons from ubiquinone to 
cytochrome C, and complex IV completes the sequence by transferring electrons from cytochrome C to O2. 
[6. p. 666] 
To regenerate NAD+ from NADH, plant mitochondria transfer electrons from NADH directly to 
ubiquinone and complexes III and IV and their proton pumps. The energy in NADH is dispatch as heat, 
which can sometimes be of value to a plant.  [6. p. 673] 
 
As electrons flow along the electron transport chain from higher to lower energy levels; the 
released energy is harnessed and used to generate proton gradient. The proton gradient in turn drives the 
formation of ATP from ADP and Pi in the last state of respiration. 
 
The plant electron transfer chain contains five enzymes that are not present in mammalian 
mitochondria: an alternative oxidase and four NAD(P)H dehydrogenases. The NAD(P)H dehydrogenases 
are likely to be flavoproteins and thus potential sites of ROS synthesis. [19]  
  
The electrons transport chain together with ATP synthase is called oxidative phosphorylation. 
 
The mitochondrial respiratory pathway consists of a series of sequentially acting electron carriers, 
most of which are vital proteins with prosthetic groups capable of accepting and donating either one or two 
electrons. Three types of electron transfers occur in oxidative phosphorylation [6. p. 662]: 
 
• Direct transfer of electrons as in the reduction of Fe3+ to Fe2+. 
• Transfer as a hydrogen atom (H+ + e-). 
• Transfer as a hydride ion (׃H-), which bears two electrons. 
 
                                                 
5 A group of conjugated proteins in which one of the flavins FAD or FMN is bound as prosthetic group. 
[10. p. 246] 
6A small lipid soluble electron carrier between flavoproteins and cytochromes of the respiratory electron 
transport chain [5].  
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Until now the main concern of the respiration has been the oxidation of glucose. But other substrates are 
also available for the respiration. Fat and proteins can also be converted to acetyl-CoA and enter the Krebs 
cycle, (se figure 3.2.4.2).  
 
 
Figure 3.2.4.1 the involvement of mitochondria in some of the major pathways of anabolism and 
catabolism in the living cell. [8. p. 124] 
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4. Eukaryotic cells constantly produce ROS
 
Eukaryotic cells constantly produce ROS as by-products of electron transfer reactions, and above-
normal levels of ROS are referred to as oxidative stress. [15. p. 154]  
Oxidative stress is a term used to describe the level of oxidative damage in a cell, caused by the 
ROS or reactive nitrogen species (RNS). To limit this project the focus will be on ROS.  
Many cell compartments produce ROS. Photosynthesis, respiration, and other processes produce 
reactive oxygen species (ROS) that can cause oxidative modifications to some molecules. [12] 
The interaction of O2 with reduced components of the electron transport chain in mitochondria can 
lead to ROS formation. [19]. It has been found that in plants growing under normal, unstressed conditions, 
mitochondria contain the highest concentration of oxidative modified proteins [12]. 
 
ROS is most commonly free radicals that are by-products from the normal metabolism of oxygen 
in aerobic organisms, such as energy generation from the mitochondria. Actually about 85-90% of the O2 
taken up by animals is utilized by mitochondria; these organelles are the major source of ATP in animals, 
in non-photosynthetic plant tissues and in leaves in the dark. [3. p. 8] 
 
A radical is defined as an atom or a molecule with one or more unpaired electrons in the outer 
shell. These are particular reactive and are either oxidized or reduced. [3. p. 23] 
 
4.1. Adaptation and Damage 
 
Oxidative stress can cause damage to all types of biomolecules [3. p. 249]. For healthy aerobic 
organisms, production of ROS is balanced by the antioxidant defense systems. (See chapter 4.4) The 
balance is not always perfect, so some ROS will damage molecules, these molecules have to be repaired 
(e.g. DNA) or replaced (e.g. most oxidized proteins). [3. p. 246] 
For example plant tissue can be damaged from exposure of O2 concentrations above normal; 
which for example can result in inhibition of chloroplast development, decrease in seed viability, root 
growth, membrane damage, and shriveling and shedding of leaves. [3. p. 17]  
 
ROS may react with proteins, lipids and DNA causing oxidative damage and, thereby impairing 
the normal functions of cells. [12] 
Examples of damage can be met in:  
 
• Lipids: 
The beginning of lipid peroxidation is caused by attack upon a lipid that has enough reactivity to 
abstract a hydrogen atom from a methylene group [3. p. 291]. Lipid peroxidation can also cause 
damage to membrane proteins as well as to lipids (se chapter 4.2.6) [3. p 285]  
 
• Proteins: 
Attack of ROS on proteins can produce carbonyl and other amino acid modifications [3. p. 247]. (Read 
more about protein modification in chapter 5). 
 
• DNA: 
ROS can lead to DNA damage by direct chemical attack on DNA, and also by indirect mechanisms [3. 
p. 264]. Oxidative stress greatly accelerates DNA damage, which can occur by different mechanism. 
An example is damage by exposure to ionizing radiation (cigarette smoke or ozone) or autoxidizing 
chemicals (dopamine or adrenaline). [3. p. 267-268] 
 
Cellular adaptation refers to a reversible response that is sustained, which include antioxidant 
defense and heat shock proteins (HSP) etc. [3. p. 249] 
After a sudden increase in temperature all cells instantly increase transcription of a small number 
of specific genes, some of which encode the heat-shock proteins. Cells produce heat-shock proteins when 
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exposed to different stresses such as transitions metals, alcohol and other xenobiotics7, and they are 
therefore called stress proteins. A few heat shock proteins are induced in response to oxidative stress [3. p. 
330]. 
 
4.2. There are different kinds of ROS 
 
There are many different kinds of ROS in living organisms. We will mention a few types of ROS 
and other free radical, but one should be aware of the many other kinds of ROS and free radicals that exist.  
 
4.2.1. Oxygen is a free radical 
 
The reason that oxygen is reactive is the oxygen molecule’s unpaired electron, which makes it 
unstable. It becomes stable by interacting with a nearby molecule such as lipids, proteins and DNA. [3. p. 
7] 
Molecular oxygen in the ground state is a bi-radical containing two unpaired electrons in the outer 
molecular shell [28] (figure. 4.2.1). 
 
 
Figure 4.2.1 the different states of the oxygen molecule and modifications thereof [3. p. 25]. 
 
Ground state oxygen can only react with one electron at the time, because the two unpaired 
electrons have the same spin. This means that Ground state oxygen is not very reactive with for example 
the two electrons in a chemical bond. If one of the two unpaired electrons is excited and changes its spin; 
oxygen becomes a powerful oxidant and the two electrons with opposite spins will be able to react with any 
other pair of electrons. [28] 
The fact that singlet oxygen is a strong oxidant makes it an effective electron acceptor in the 
mitochondria [3]. 
 
−•− →+ 22 OeO  
 
Superoxide anion O2- is the product of a one electron reduction of oxygen, and is the precursor of 
most ROS and a mediator in oxidative chain reactions. O2- is also a free radical with only one unpaired 
electron. O2- it can accept one more electron converting it into peroxide O22-[3].   
 
                                                 
7 Any substance foreign to living systems, xenobiotics include drugs and pesiticides. [4] 
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−−−• →+ 222 OeO  
 
Dismutation8 of O22- produces hydrogen peroxide H2O2, which in turn may be fully reduced to 
water or partially reduced to hydroxyl radical •OH (see chapter 4.2.4), which is one of the strongest 
oxidants in nature. [3]  
 
22
2
2 2 OHHO →+ +−  
−−− →+ 222 22 OeO  
OHHO 2
2 242 →+ +−  
 
4.2.2. Carbonylation 
 
Carbonylation is the reaction in which a carbonyl group is introduced into an organic compound. 
 
Protein carbonylation is a widely used marker of protein oxidation, and sensitive methods for its 
detection have been developed. 
Direct oxidative attack on lysine, arganine, proline and threonin or by secondary reactions via 
reactive carbohydrates and lipids on cysteine, histidine and lysine residues can lead to the formation of 
protein carbonyl derivative. [13] (See chapter 5.1) 
Carbonylation of proteins inhibits or alters the activities of the proteins and increases their 
susceptibility to proteolytic attack. [13] 
 
4.2.3. Transition metals 
 
Almost every metal in the first row of the d-block in the periodic table contains unpaired electrons 
and can therefore qualify as free radicals under the broad definition used in chapter 4 [3. p. 48]. 
 
4.2.4. Hydroxyl radical 
 
Hydroxyl radical can be generated in biologically relevant systems by multiple reactions. One is 
Fenton chemistry9 and the UV-induced homolytic fission of the O-O bond in H2O2 makes OH• [3. p. 55] 
 
} •→−−− OHHOOH
UV
2  [3. p. 55] 
 
Other sources of OH• include for example [3. p. 55]:  
 
Ionizing radiations: Since the major constituent of living cells is water, exposure to high energy 
radiation such as γ-rays will result in OH• production. Hydroxyl radicals are responsible for a large part of 
the damage done to cellular DNA, proteins and lipids by ionizing radiation. 
 
 
                                                 
8 Dismutation is a reaction in which the same chemical species is both oxidized and reduced. [3. p. 62.] 
9 Fenton chemistry is a prime example of damaging free-radical reactions catalyzed by transitions metals. 
[3. p. 53] 
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4.2.5. Sulphur radicals 
 
Thiol radicals are formed when thiols react with many carbon-centered radicals. 
 
•• +−→−+ RSCHCRSH [3. p. 70]. 
 
4.2.6. Lipid peroxidation 
 
Lipid peroxidation has been defined as “the oxidative deterioration of polyunsaturated lipids”. 
Polyunsaturated fatty acids are those that contain two or more carbon-carbon double bonds. [3. p. 284] 
 
The membranes that surround cells and cell organelles (such as mitochondria, lysosomes and 
perioximes) contain large amounts of polyunsaturated fatty acid side chains. The major constituents of 
biological membranes are lipid and protein, the amount of protein increasing with the number of functions 
that the membrane performs. For example the complex inner mitochondria membrane and chloroplast 
thylakoid membranes have 80% proteins. [3. p. 285]  
 
4.3. Strategies for the defense against oxidative stress in 
mitochondria 
 
Once formed, the ROS must be detoxified as efficiently as possible to minimize damage Figure 
4.3.1 shows a summery of the enzymes possibly involved in ROS detoxification in plant mitochondria. 
 
 
Figure 4.3.1 the enzyme systems possibly involved in ROS detoxification in plant 
mitochondria [20]. 
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First line of defence: 
• Avoidance of ROS production 
• Electron transfer chain is kept sufficiently oxidized by: 
1. Maintaining a balance between substrate availability and ATP requirement 
2. Activation of alternative oxidase 
3. Activation of uncoupled protein 
4. Activation of rotenone-insitive NAD(P)H dehydrogenase 
 
Second line of defense: 
• Detoxification of ROS (see figure 4.3.1.) 
• Superoxide converted to H2O2 by Mn-SOD (see chapter 4.4.1) 
• Hydrogen peroxide detoxified by: 
1. Catalase  
2. The ascorbate/glutathione cycle (see chapter 4.4.5) 
3. The gluthione peroxidase system 
4. The thioredoxin system (see chapter 4.4.2) 
 
Third line of defense: 
• Repair of ROS-mediated damage 
• Fatty acid hydroperoxides, by glutathione peroxidase 
• Proteins – by reduction of disulfide bridges 
• DNA – by excision repair 
 
Not all of the listed mechanism and enzymes have been firmly established as present in plant 
mitochondria. All above is from [19].  
Table 4.2.1 gives an overview over the different mechanism involved in production, scavenging and 
avoidance of ROS for the whole plant. 
 
Mechanism  Location Primary ROS 
Production   
Respiration ET Mit O2-
Excited chlorophyll Chl O21
NADPH oxidase PM O2-
Fatty acid β-oxidation Per H2O2
Xanthine oxidase Per O2-
Scavenging   
Superoxide dismutase Chl,Cyt, Mit, Per, Apo O2-
Glutathione peroxidase Cyt H2O2, ROOH 
Thioredoxin peroxidase Chl, Cyt, Mit H2O2
Ascorbic acid Chl, Cyt, Mit, Per, Apo H2O2, O2-
Glutathione Chl, Cyt, Mit, Per, Apo H2O2
α-Tococherol Membranes ROOH, O2-
Avoidance   
Alternative oxidases Chl, Mit O2-
 
 
Abbreviations: Apo, apoplast; Chl, Chloroplast; Cyt, cytosol; ET, electron 
transport; Mit, mitochondria; O2-, singlet oxygen; Per, Peroxisome; PM, plasma 
membrane and ROS, reactive oxygen species. 
 
Table 4.3.1 ROS related mechanism in plant [made from 20] not all the mechanisms in this table are 
described in the report. 
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4.4. Antioxidant defense against ROS 
 
In this chapter we will focus on some of the many antioxidant defense mechanisms, mainly those 
found in plants and particularly in plant mitochondria.    
 
When a cell is exposed to harsh oxidative stress, it may die. Cell death can occur by two 
fundamentally different mechanisms; necrosis10 or apoptosis11, and both can result from oxidative stress. [3. 
p. 251] Therefore most, if not all, aerobic organisms have a defense mechanism against ROS. It has been 
necessary for aerobic organisms to evolve an antioxidant defense. The list for antioxidant defense is long 
and the antioxidant mechanism differs from organism to organism, the composition of antioxidant defense, 
can differ from tissue to tissue and cell-type to cell-type. [3. p. 105]  
One of the more extreme antioxidant mechanisms is seen in some mobile organism which avoids 
O2 toxicity by swimming away from regions of high O2 levels. Another defense has been to evolve 
electron-transport chain that minimize O2•- production by packing redox elements together in such a way 
that escape of electrons to O2 is less probably. [3. p. 105] 
 
 The antioxidant defenses can be categorized into the following groups: [3. p. 105] 
 
a. Agents that catalytically remove free radicals and other reactive species. 
b. Proteins that decrease the availability of pro-oxidants, for example iron ions, copper ions 
and haem. 
c. Proteins that protect biomolecules against damage by other mechanisms (as heat shock 
proteins)  
d. Low-molecular-mass agents that scavenge or quench ROS.  
 
In addition to the antioxidant defenses, the mitochondria have different DNA repairing enzymes to 
correct errors resulting from oxidative damage. This is important because, although 95% of the 
mitochondria proteins are coded by the nuclear DNA, the mitochondrial chromosome contains genes for 
several important proteins including subunits of NADH dehydrogenase and cytochrome oxidase and 
cytocrome b. [28] 
 
4.4.1. Superoxide dismutase 
 
Superoxide is converted to H2O2 by a family of metalloenzyms called superoxide dismutases 
(SOD). These enzymes play an important role in the prevention of oxidative damage. (See figure 4.3.2) 
O2- may either reduce transition metals which in turn can react with H2O2 and produce •OH, it is 
important to maintain the steady state concentration of O2- at the lowest possible level. The role of SOD is 
to increase the reaction of the dismutation of O2- to H2O2 and O2, to a diffusion-controlled process. [28] 
There are three kinds of SOD [3. p. 113]: 
 
• Mn-SOD is found almost entirely in the mitochondria matrix. 
 
• CuZn-SOD is located in the cytosol, but it can also be found in the lysosomes, nucleus 
and the space between inner and outer mitochondrial membranes. 
 
• Fe-SOD is found in bacteria. 
                                                 
10 Necrosis is characterized by early cell and organelle swelling, loss of integrity of mitochondria, plasma 
membrane, peroxisomal and lysosomal membranes and eventual breakdown of the cell, leading to release 
of its contents into the surrounding area. [3. p. 337-338] 
11 In apoptosis the earliest changes consist of cell shrinkage, condensation and fragmentation of chromatin. 
This is usually associated with double-stranded DNA breaks in internucleosomal regions [3. p. 338]. Also 
called programmed cell death. 
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Mn-SOD is widespread in bacteria, plants and animals.  The reaction mechanism can be written 
as: 
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[3. p. 112]
 
 
 
Figure 4.4.1.2 the assumed structure of Mn Superoxide Dismutase [31]. 
 
The mitochondrial matrix contains Mn-SOD in the active site, which eliminates the O2- formed in 
the matrix or on the inner side of the inner membrane. [28] 
The steady-state concentration of O2- in the intermembrane space is controlled by three 
mechanisms: [28] 
 
• This compartment contains a different isoform of SOD, which contains copper and zinc instead of 
manganese and is also found in the cytoplasm of eukaryotic cells. 
• The intermembrane space contains cytochrome c which can be reduced by O2- regenerating 
oxygen in the process. The reduced cytocrome c can then transfer electrons to the terminal 
oxidase. Thus, part of the electrons that escape the respiratory pathway producing O2-, may re-
reduce cytocrome c and still contribute to energy production by providing the energy needed to 
pump H+ through Complex IV (see chapter 3.2.3). 
• The spontaneous dismutation of O2- in the intermembrane space is facilitated by lower pH in this 
compartment, resulting from the out pumping of H+ coupled to respiration. 
 
CuZn-SOD (see figure 4.4.1.3) and Mn-SOD (see figure 4.4.1.2) is found in almost all eukaryotes, 
but the relative activities of Mn-SOD and CuZn-SOD depend on the tissue and on the species; one obvious 
variable is the number of mitochondria present. [3. p. 113] 
The Zn2+ does not function in the catalytic cycle but helps to stabilize the enzyme. [28] 
 
 The copper ions in CuZn-SOD appear to function in the dismutation reaction by undergoing 
alternate oxidation and reduction:  
 
22222
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2
2
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2
2:
2
OOHHOOreactionNet
OHCuenzymeHOCuEnzyme
OCuEnzymeOCuEnzyme
+→++
+−→++−
+−→+−
+−•−•
++−•+
+−•+
[3. p. 109]
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Figure 4.4.1.3 the assumed structur of Cu/Zn Superoxide Dismutase [32]. 
 
4.4.2. Thioredoxin 
 
In both prokaryotes and eukaryotes, you can find a polypeptide called thioredoxin (see figure 
5.4.2.1). Thioredoxin is a small protein cofactor in some enzyme reactions.  It undergoes redox reactions 
and it is a transporter of reducing power. (See figure 4.3.1) 
Thioredoxin contains two adjacent– SH groups in its reduced form. It can go through redox 
reactions with many different proteins.  
 
2222 )()( SHproteinSnthioredoxiSproteinSHnThioredoxi −+−⇔−+− [3. p. 
154] 
There are two groups of thioredoxin. One form; found in the chloroplast of plants, the disulphide 
form of thioredoxin in chloroplast is reduced by a ferredoxin dependent thioredoxin reductase. Reduced 
thioredoxin can for example re-activate forms of fructose. Thioredoxin is also involved in regulating the 
activity of Calvin cycle (see chapter 2.2) and other chloroplast enzymes by thiol-disulfide interchange. [3. 
p. 510] 
A different kind of thioredoxin is the one found in other plant organelles: mitochondria, 
endoplasmic reticulum and cytosol. This thioredoxin redutase is NADPH dependent rather than ferredoxin 
dependent. [3. p. 510] 
 
Figure 4.4.2.1 the assumed biological molecule of thioredoxin related to the electron transfer [33].  
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4.4.3. Vitamins 
 
Vitamins A, C and E can act as a scavengers and quenchers of ROS due to their antioxidant 
properties. [15. p. 5] 
 
4.4.4. α-Tocopherols  
 
The thylakoid membranes are rich in α-Tocopherol also known as vitamin E (see figure 4.4.5.1), 
which inhibits the chain reaction of lipid peroxidation and scavenges singlet O2. [3. p.  209] (see figure 
4.3.1) 
 
 
alpha-tocopherol
CH3
CH3
CH3
OH
O
CH3
CH3
CH3
CH3
 
Figure 4.4.5.1 α-Tocopherol. 
 
Tocopherols also scavenge lipid peroxyl (LO2•) radicals. The reaction is: 
 
HLOTocLOTocH 22 +−→+− •• αα [3. p. 209] 
 
α-Tocopherol is a lipid-soluble molecule and therefore tends to concentrate in the interior of 
membranes and in lipoproteins. For example, mitochondrial membranes contain about one molecule of α-
tocopherol per 2100 molecules of phospholipids. [3. p. 215] 
 
4.4.5. The ascorbate-glutathione cycle  
 
The ascorbate-glutathione cycle is an efficient way for plant cells to remove H2O2 in certain 
cellular compartments where this metabolite is produced and no catalase is present. [11] (See figure 4.3.1) 
The ascorbate-glutathione cycle is the main ROS-removing system in the chloroplast. It uses four 
enzymes, ascorbate peroxidase, dehydroascorbate reductase, monodehydroascorbate reductase and 
glutathione reductase, as well as two low-molecular-mass molecules, ascorbate and glutathione, to remove 
H2O2.  
The entire ascorbate/glutathione cycle has been reported to be found in pea leaf mitochondria, but 
this remains to be confirmed. [19] 
 
Glutathione peroxidase removes H2O2 by coupling its reduction to H2O with oxidation of reduced 
glutathione (GSH). (See figure 4.4.6.1) [3. p. 140] 
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Figure 4.4.5.1 the structure of reduced (GSH) and oxidized (GSSG) glutathione. 
 
The overall reaction is: 
OHGSSGGSHOH 222 22 +→+ (3. p. 140) 
 
Glutathione peroxidases are not generally present in higher plants. But GSH, their substrate, (a 
low-molecular-mass thiol-containing tripeptid), is present in plants [3. p. 140].  
The chloroplast stroma contains GSH at concentrations in the range 1-5 mM and ascorbate at 
concentrations up to 20mM. In both cases the ratios of reduced to oxidized form (GSH/GSSG and 
ascorbate/dehydrogenascorbate) are kept high under both light and dark conditions. 
Ascorbate and GSH might also act as general ROS scavengers in chloroplast [3. p. 507]. 
 
Plants and most animals can synthesize ascorbic acid (ascorbate) from glucose.  
 
O O
OHOH
OH
OH
5-(1,2-dihydroxyethyl)-3,4-dihydroxyfuran-2(5H)-one
Ascorbic acid (vitamin C)  
Figure 4.4.5.2 ascorbate. 
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5. Protein oxidation 
 
If the balance between ROS and the antioxidants is not maintained, ROS might do permanent 
damage to the cells by oxidizing essential parts of certain proteins (See chapter 4.1). Damage to proteins 
can happen as a direct attack of ROS, or by secondary damage involving attack by end-products of lipid 
peroxidation (see chapter 4.2.6). [3. p. 315] 
 
5.1. Damage to specific amino acids 
 
To understand and describe the oxidation of proteins is it important to know the details about the 
oxidation of specific amino acids.  
Our focus will be on some of the amino acids which we have found are oxidized by ROS in the 
mitochondria.  
 
5.1.1. Methionine 
 
Thiol groups are easily oxidized by attack of many types of ROS. Methionine is easily oxidized by 
OH•, O2, H2O2. The first product is methionine sulphoxide, which can undergo further oxidation to 
sulphone (see figure 5.1.1.1). [3. p. 316] this kind of damage can also occur in cysteine and make 
disulphide bond formation very difficult.  
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Figure 5.1.1.1 shows the reaction from methionine to sulphoxide to sulphone caused by ROS. 
 
5.1.2. Histidine 
 
 Oxidation of histidine residues seems to be particularly important in protein cross-linking 
reactions as well as marking proteins for proteolysis12 . Oxidation of histidine can form 2-oxohistidine (see 
figure 5.1.2.1), among many other products. Histidine has a high reaction rate with singlet O2, forming 
several oxidation products, which can be detected in proteins exposed to O2. [3. p. 318] 
 
                                                 
12 Proteolysis or protein hydrolysis is a breakdown process of proteins, done by a proteolytic enzyme, that 
takes part in the breakdown of proteins, ultimately to amino acids [3. pp. 84] 
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Figure 5.1.2.1 shows the reaction from histidine to 2-oxohistidine by ROS. 
 
5.1.3. Proline and arginine 
 
 Free-radical attack upon proline and arginine residues in proteins can lead to glutamate 
semialdehyde formation (see figure 5.1.3.1). [3. p. 318] 
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Figure 5.1.3.1 shows reactions from proline and arginine to glutamyl semialdehyde by oxidation. 
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 5.1.4. Tryptophan 
 
Tryptophan is a powerful singlet O2 scavenger, and can be fragmented to characteristic products in 
proteins exposed to this species. Tryptophan residues in proteins are sensitive to damage by OH• and some 
other oxygen radicals, generating peroxyl radicals, peroxides and eventually N-formylkynurenine and 
kynurenine as characteristic fluorescent oxidation products. (See figure 5.1.4.1) [3. p. 319] 
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Figure 5.1.4.1 shows the oxidation of tryptophan to N-formylkynurenine and kynurenine by ROS. 
 
5.1.5. Tyrosine 
 
Attack of OH• radicals can hydroxylate tyrosine to dihydroxyphenylalanine (DOPA) (see figure 
5.1.5.1). Tyrosine radicals are important at the active site of several enzymes, including ribonucleotide 
reductase and appear to be involved in oxidations promoted by mixtures of haem proteins and H2O2. They 
can also result from free-radical attack (OH•,RO2•, RO•) upon proteins. [3. p. 319] 
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R
OH O
R
H
Tyrosine DOPA  
Figure 5.1.5.1 shows the reaction from tyrosine to DOPA by ROS. 
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5.1.6. Phenylalanine 
 
Attack of OH• radicals upon phenylalanine generates several intermediate radicals which can then 
be converted into ortho-, para- and meta-tyrosines (see figure 5.1.6.1). For example, the presence of ortho-
tyrosine has been used to detect irradiated food proteins. [3. p. 319] 
 
R OH
R
Phenylalanine ortho-Tyrosine  
Figure 5.1.6.1 shows the reaction from phenylalanine to ortho-tyrosine by ROS. 
 
5.2. Mitochondrial proteins are damaged by ROS 
 
Here you will find a summery of studies where specific oxidized proteins have been identified in 
plant mitochondria. Different methods, but we will only focus on the results.  
 
The method used in the majority of the experiments that we have encountered is the Western blot. 
Probing for proteins is generally performed with antibodies, because an antibody has a specific “lock-and-
key” fit with its protein target or antigen. The protein mixture is separated into protein bands by 
electrophoresis and blotted onto a membrane. The position of a specific protein on the membrane is 
revealed by bathing the membrane in a solution of antibody, obtained from a host into which the protein 
has been injected. The position of the protein is revealed by the position of the label that the antibody 
carries. [2. p. 13] 
 
In the plant Arabidopsis thaliana an early increase in protein carbonylation was observed, during 
the first 20 days of the life cycle of the plant, followed by a drastic reduction in protein carbonyls prior to 
seed and flower development. Protein carbonylation prior to the transition to flowering, targeted specific 
proteins such as HSP70, ATP syntheses, the large subunit of ribolose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco), and proteins involved in light harvesting/energy transfer and the Calvin 
cycle (see chapter 2.3). [13] 
 The decrease in protein carbonyl levels is due to the specific reduction in the levels of oxidized 
proteins, rather than an overall loss of chlorophyll and Rubisco associated with the aging process. [13] 
 It has to be noted, that the HSP70 family has 14 members that target to different subcellular 
locations, and it was not possible to distinguish between the different HSP70 proteins. [13] 
The identified carbonylated proteins of the chloroplasts (HSP70 & Rubisco) are abundant plant 
proteins, but it was clear that many equally abundant proteins, such as the α-subunit of the ATP synthesis 
or the small subunit of Rubisco, did not show any signs of being carbonylated. [13] 
The major targets for carbonylation in mitochondria are glycine dehydrogenase13, a P-protein14-
like protein, the β-subunit of the ATP synthesis, a glycine hydroxymethyltransferase-like protein, and 
aminomethyltransferase15. [13] 
There were no signs of any carbonylation in the abundant mitochondrial proteins: the 
mitochondrial F1 ATP synthesis α-subunit, citrate synthesis, and malate dehydrogenase. [13] 
 
                                                 
13 A glycine cleavage system P-protein. [13] 
14 Phloem-proteins (p-protein) are a strong substrate found in cells of flowering plants phloem [8. p. 520] 
15 A glycine clavage system T-protein. [13] 
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 4-hydroxy-2-hexanal (HNE) is an example of a lipid peroxidation product that has toxic effects on 
both plant and animal cells (see chapter 4.2.6). [25] HNE was shown to inhibit the activities of potato 
mitochondrial pyruvate dehydrogenase (PDC) and 2-oxoglutarate dehydrogenase (OGDC) via the 
modification on the lipid acid residues found on the E2 subunit of these enzymes. [25] The glycine 
decarboxylase complex (GDC) is a major target for oxidative damage in mitochondria in leaves. [25] 
 
Since most of mitochondrial ROS is produced in complex I and III located in the inner membrane 
one might expect most of the oxidative damaged proteins at least to be membrane associated if not actually 
subunits of these two respiratory complexes. [20] 
Mitochondrial aconitase appears to be particularly susceptible to oxidase damage; it contains 
oxidized tryptophan and carbonylation. [20] 
 
Twenty oxidized proteins are detected in the untreated matrix fraction. Of these, ten are 
dehydrogenases or oxidases (redox-active enzymes), four of these are of the Krebs cycle or associated 
enzymes citrate synthesis is not a redox enzyme and six are other redox enzymes. [14] One oxidized 
protein (superoxide dismutase), is involved in ROS detoxification and two proteins (HSP60 and HSP70) 
are chaperones. [14] The last six oxidized mitochondrial proteins have assorted functions. Oxalate oxidase, 
presumably from the cytoplast, and the small subunit of Rubisco from the chloroplast stroma are 
contaminants and were probably adsorbed to the outer surface of the outer membrane during 
homogenization. [14] 
Thirty-two oxidized proteins are detected in the oxidized matrix fraction. Out of the tventy 
oxidized proteins found in the untreated matrix fraction, nineteen were also found in the oxidized matrix, 
the only exception being the contaminant oxalate oxidase. [14] The oxidized proteins include five Krebs 
cycle or associated enzyme such that all the Krebs cycle enzymes present in the matrix are oxidized in the 
oxidized sample. The enzyme complex glycine decarboxylase appears to be particular susceptible to 
oxidation as all four component enzyme are oxidized. The ROS-detoxifyring enzyme ascorbate peroxidase 
is also oxidized. [14] 
For seventeen out of the nineteen oxidized proteins found in both samples a larger number of 
peptides were identified in the oxidized sample then in the control sample. The two exceptions are HSP70 
and Rubisco which where not further oxidized when the cell was exposed to higher concentrations of ROS. 
[14] 
 
 Oxidative stress is associated with significant decreases in large quantity of a number of key 
mitochondrial proteins. The amounts of proteins in the Krebs cycle that were significantly reduced, 
including aconitase, the E2 subunit of the 2-oxaglutarate dehydrogenase complex, fumarase and succinyl-
CoA ligase. [22] These decreases in protein abundances are likely to inflict significant flux restrictions on 
the Krebs cycle and the electron transport, thereby limiting the synthesis of ATP. [22] 
 A variety of other proteins representing a range of metabolic activities were also found decreased 
in large quantities. These included methyl malonate semialdehyde dehydrogenase (MMSD), an aldehyde 
dehydrogenase involved in valine and pyrimidine metabolism, a GABA transaminase which participates in 
the GABA move around the Krebs cycle, and nucleoside diphosphate kinase III which is located in the 
mitochondrial inter membrane space and functions to equilibrate nucleoside triphosphate pools. [22] 
 A number of Krebs cycle enzymes such as aconitase, pyuvate dehydrogenase complex and 2-
oxoglutarate dehydrogenase complex have been shown to be sensitive to oxidative damage either directly 
by H2O2 or indirectly through lipid peroxidation products. [22] 
In the following we will describe the properties of some of the mitochondrial proteins found to be 
oxidized. 
 
5.3. Damaged proteins involved in glycine breakdown 
 
The carbon skeletons of ten amino acids yield acetyl-CoA, which enters the Krebs cycle directly 
or is used for fatty acids synthesis. Five of the ten amino acids are degraded to acetyl-CoA via pyruvate. 
(See chapter 3.2.1). The other five are converted directly to acetyl-CoA and/or to acetoacetyl-CoA, which 
is then cleaved to acetyl-CoA. [6. p. 643]  
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5.3.1. Glycine decarboxylase complex 
 
Three articles indicate that the glycine decarboxylase complex is a target of ROS. [13] [14] [25] 
But which part of the molecule that is damaged is not known. 
 
  As a part of the C3 oxidative photosynthetic carbon cycle, the glycine decarboxylase multienzyme 
complex catalyzes the conversion of two molecules of glycine and one of NAD+ to one molecule each of 
serine, NACH, NH4+ and CO2. [9. p. 154] 
In photosynthetic tissues GDC can account for up to 50% of matrix protein, and is responsible for 
most of the metabolic activity in the mitochondria of illuminated leaves, photorespiration. GDC is a 
multienzyme complex composed of four component enzymes, the P-protein, H-protein, T-protein, and L-
protein, and is responsible for the conversion of glycine produced in the peroxisome to serine in the 
mitochondria, during the operation of the photorespiratory cycle. [25] 
 
5.4. Damaged proteins involved in respiration 
 
It is not a surprise that many proteins involved in the respiration process are targets of ROS, 
because there would be a higher concentration of molecules exposed to ROS near the pathways that 
produce ROS by the transfer of electrons. 
 
5.4.1. β-subunit of the ATP synthase 
  
 Two articles indicate that the β-subunit of the ATP synthaseβ is a target of ROS. [13] [23] 
 
 It is suggested that the ATP synthase α-subunit is not a target of ROS. [13] 
 
There are three β-subunits of the ATP synthesis. Each of the three β-subunits has one catalytic site 
for ATP synthesis. The conformational differences among the β-subunits extend to differences in their 
ATP/ADP-binding sites. [6. p. 680] 
 
f-type ATPases in inner mitochondrial and thylakoid membranes and in bacterial membranes that 
synthesize ATP from ADP and inorganic phosphate using energy derived from a proton gradient across the 
membrane. They couple the proton motive force generated by aerobic respiration or photosynthesis to ATP 
synthesis. ATP synthetases can also perform the reverse reaction of hydrolysing ATP and pumping protons 
across the membrane. [5] (See chapter 3.2)   
 
5.4.2. Pyruvate dehydrogenase 
 
Two articles indicate that pyruvate dehydrogenase is a target of ROS. [23] [25] 
 
Pyruvate dehydrogenase is an important enzyme of the mitochondrial respiration. (Read more in 
chapter 3.2.1). 
 
It is suggested that oxidized pyruvate dehydrogenase has one oxidized tryptophan, three oxidized 
carbonylated and one extra breakdown product. [20] 
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5.4.3. 2-Oxoglutarate dehydrogenase 
 
Two articles indicate that 2-oxoglutarate dehydrogenase is a target of ROS. [23] [25] 
 
The mitochondrial 2-oxoglutarate dehydrogenase complex (OGDC) occupies a central point in 
cellular metabolism within the Krebs cycle. [17] (Read more in chapter 3.2.2.) 
 
It is suggested that oxidized 2-oxoglutarate dehydrogenase will suffer from some oxidized 
tryptophan. [20] 
 
The activity of 2-oxoglutarate dehydrogenase is regulated by the reversible thiol-disulfide 
interconversion. [20] 
 
5.4.4. Aconitase 
 
Two articles indicate that aconitase is a target of ROS. [20] [23] 
 
 Aconitase is an enzyme in Krebs cycle (see chapter 3.2.2.), through the intermediary formation of 
the tricarboxilic acid cis-aconitate, which normally does not dissociate from the active site. [10. p. 574] 
 
5.4.5. Fumarase  
 
One article indicates that fumarase is a target of ROS. [23] 
 
 Fumarase is an enzyme of the Krebs cycle (see chapter 3.2.2). [10. p. 578] 
 
5.4.6. Succinyl-CoA ligase/synthease or succinic thiokinase 
 
One article indicates that succinyl-CoA ligase is a target of ROS. [23] 
 
 This is an enzyme of the Krebs cycle (see chapter 3.2.2.). [10. p. 575] 
 
5.5. Damaged proteins that are involved in the defense system 
 
 Some of the proteins damaged by ROS are involved in the defense system against ROS. That is 
very unfortunate, because with errors in the defense system, the balance between ROS and the defense 
system can come out of the steady-state and result in further production of ROS. 
 
5.5.1. HSP70 
 
One article indicates that HSP70 is a target of ROS. [13] Another article indicates that HSP70 is 
not further oxidized compared to a control group. [14] 
 
It is possible that the carbonylated HSP70 chaperone identified also resides in the chloroplast, but 
it was not possible to distinguish between the different HSP70’s. HSP70 chaperones have been shown to be 
sensitive to oxidative attack both in Escherichia coli and Saccharomyces cerevisiae. [13] 
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Heat shock proteins are a set of proteins produced in plants. Most HSP’s function is to help cells 
withstand heat stress by acting as molecular chaperones. [9. p. 604] (read more in chapter 4.1) In 
mitochondria, the chaperone HSP70 functions as a molecular motor, pulling the precursor across the 
mitochondrial membranes; 97% of plant mitochondrial presequences so far identified contain an HSP70 
binding site. HSP70 helps the cell to cope with a variety of environmental conditions, such as heat, cold, 
chemical and other stresses. [30] 
 
5.5.2. Ascorbate peroxidase 
 
Two articles indicate that ascorbate peroxidase is a target of ROS. [14] [22] 
 
Ascobate peroxidase (APX) is one of the four enzymes in the ascobate/glutathione cycle known to 
be involved in ROS detoxification in the chloroplast, but recently also shown to be present in plant 
mitochondria. [14] (See chapter 4.4.5) 
 
5.6. Other damaged proteins 
 
Some of the proteins damaged by ROS seem to be more or less coincidently and many of the 
enzymes are found to be very unspecific and therefore not useful until further details are known about 
them. It is not possible to discuss whether the below mentioned proteins is a part of the respiration 
pathway. It could be possible that some how these proteins are related directly or indirectly. 
  
5.6.1. P-protein-like protein
 
One article indicates that a P-protein-like protein is a target of ROS. [13] The description of this 
protein is not useful, because its specific function is not yet known. 
 
5.6.2. Nucleoside diphosphate kinase III 
 
One article indicates that nucleoside diposphate kinase III is a target of ROS. [23] 
 
 Nucleoside diphosphate kinase III is localized to the intermembrane space in plant mitochondria.  
Nucleoside diphosphate kinases are highly conserved enzymes that catalyze the transfer of phosphates from 
nucleoside triphosphates to nucleoside diphosphates. This activity is vital for maintaining the balance 
between cellular adenine triphosphates and other nucleoside triphosphates. [24] 
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6. Discussion 
 
Why work with ROS in the mitochondrial respiratory pathway? 
 
The area of ROS in plant mitochondria is a new field of research and the information available is 
therefore limited as mentioned in the introduction. Because of this there has only been made a few 
experiments and conclusions compared with this field in plant chloroplasts or the cytosol. It has been found 
that in unstressed plants, the mitochondrion contain the highest concentration of oxidatively modified 
proteins [12]. The oxidized proteins are in particular found in the respiratory pathway, which suggests that 
oxidative stress may significantly restrict the respiratory capacity of mitochondria. 
 
We find it important to understand more about this area because the previous studies have been 
limited in capacity. This can be seen in chapter 5.2, where we have written an overview of the articles 
discussing the area. 
 
What is the value of the current results? 
 
It is necessary to perform additional experiment to verify the accuracy of the results. We find it 
problematic that only few experiments are performed compared to experiments performed on the plant 
cytosol. The results published in articles we have found do not verify each other.  
When we compare different articles, we have found that some proteins are reported to be affected by ROS 
in one study while it is apparently not affected in another study. 
For example, it was observed that Rubisco and HSP70 were damaged by ROS in an experiment, 
but another suggest that they are not further oxidized at higher concentrations of ROS compared with the 
control group used in the experiment. [14]. A reason for the different results can be that different methods 
have been used. Maybe one (or both) of the used methods is not optimal or maybe there are errors in one 
(or both) of the methods, that could make the results unclear. It is possible that the proteins are only 
oxidized in specific cases, which could be a reason for the unclear results. 
 
If there only are two results with different outcome it is not possible to know which is true and 
which is false, therefore it is necessary to do more experiments and in this way produce more results 
making it possible to differ between different methods used to verify which methods give the best result, 
and as a result of making more experiments hopefully accomplish better statistical information about which 
proteins are affected and how the oxidation affects its properties 
 
When improved methods are accomplished, it is our understanding that it would be easier to 
specify the particular experiments, and in so doing, narrowing the results to be more exact about which 
proteins that are oxidized, and in this matter accomplish the ability to identify the specific protein. 
 
How is the particular biochemical pathways affected by ROS? 
 
As mentioned in chapter 4.2 the biochemical pathways can be affected by different kinds of ROS 
and other free radicals. We believe that it is important to determine which kind of ROS causes most 
damage to different parts of the organism (see chapter 4.1), and if the damage is specific for each kind of 
ROS/free radical. 
 
The most affected pathway appears to be the Krebs cycle. At least five enzymes in this pathway 
are oxidized, for example pyruvate dehydrogenase (see chapter 5.4.2), which accounts for the main part of 
pyruvate that enters the Krebs cycle (chapter 3.2.2). We have found indications that four of the eight steps 
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in the Krebs cycle (step, 1, 2, 5 and 7) are affected by ROS, that above normal concentration of ROS; 
maybe will result in a malfunction of the Krebs cycle, thereby preventing the further steps of the respiratory 
pathway (oxidative phosphorylation). However, it should  be noted that, for example 10% oxidation of all 
the enzymes in a pathway is much less serious than 100% of one enzyme, but we do not know have 
extensive the oxidizion is. 
 
It seems that tryptophan it a major target of oxidation.  In unstressed human muscle cells, 39 
mitochondrial proteins were found to contain oxidized tryptophan [26] When tryptophan is a particular 
target of ROS in human cells it is likely that the same tendency will be found in plants. 
We think that an important area of ROS research would be to find the particular amino acids that 
are oxidized in plants, which certainly would make it easier to determine more information about the 
proteins oxidized and pathways affected in plants.  
 
How is the defense systems affected by ROS? 
 
Proteins damaged by ROS, which are involved in the antioxidant defense system e.g., HSP70 and 
ascorbate peroxiase (chapter 5.5). That is very unfortunate, because if the balance between ROS and the 
defense system is disturbed, it will result in the possible damage of proteins due to the higher concentration 
of ROS. 
It seems unlikely that the proteins involved in the defense system are damaged, because their 
function in the mitochondria is to handle ROS. But it is possible that the proteins participating in the 
antioxidant defense are damaged. This could be due to the fact that the antioxidant systems are always 
found near the pathways that produce ROS and are always exposed to a significant amount of ROS. If the 
plant is exposed to above normal stress the balance between ROS and the antioxidant defense will be 
disturbed. 
 
It have been indicated that HSP70 is damaged by ROS, as mentioned in chapter 5.5.1. 
 
The ascorbate-glutathione cycle is also affected by ROS. It is known that ascorbate peroxidase is 
affected by ROS and it is also reasonly found that ascorbate peroxidase may be present in the mitochondria 
as mentioned in chapter 5.5.2.  
Other proteins affected by ROS 
 
As written in chapter 5.6 it is found that numerous proteins that might participate in some of the 
steps in the respiratory pathways.  
 
 
What is research in ROS leading to? 
  
The most recent results we have encountered highlights a range of new mitochondrial proteins, 
new mitochondrial functions and possible new mechanism for regulating mitochondrial metabolism. More 
than 70 identified proteins in Arabidopsis mitochondrial samples lack similarity to any protein of known 
function [27]. 
 
What happens to the oxidized proteins? It is likely that the damaged proteins will be degraded, 
even though it is very expensive for the cell, because a lot of energy has been used to produce, transport 
and in the end degrade a protein. But it is also possible that the damaged protein is not discovered, and 
therefore will remain intact and maybe even able to function as normal or close to normal. 
 
While working with this project more questions have arised than questions answered. We hope 
that the future will bring more knowledge about ROS production and proteins in the mitochondria, and 
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thereby making the knowledge more complete and hopefully even more useful to scientist and students all 
over the world. 
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7. Conclusion 
 
It is our conclusion that the most affected biochemical pathway in the respiratory pathway is the 
Krebs cycle. The fact that the Krebs cycle is affected is not necessarily the most important damage done to 
mitochondria. We have found that pyruvate necessary to start the first step of the cycle is maybe also 
affected, so that the outcome of the respiratory pathway ultimately will be reduced.  
It is not only the proteins involved in the respiration pathway that is found affected.  The 
antioxidant system is also affected due to the fact that the antioxidant system is found where the ROS 
concentrations is highest, it is also found that proteins with other functions such as molecular chaperones 
and proteins which functions is not yet clear is affected. 
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